A facile water based synthesis method for HTB-FeF 3 /rGO and r-FeF 3 /rGO composites was developed using 2
Introduction
The energy density (gravimetric and volumetric) of fossil fuels such as gasoline, diesel and, when extracted from natural gas also hydrogen, is about 50-100 times higher than that of current Li-ion, NiMH and lead acid batteries. 1 This explains why it is tremendously difficult to develop full cell battery electric vehicles (BEV's), which have the same or nearly the same driving range (800-1200 km) than that of traditional automobiles based on the internal combustion engine. Recently, the US department of energy has defined a new target for electrochemical storage devices for automotive applications. 2 For a car to reach a driving range of 300 miles (ca. 480 km), the battery needs to have an energy density of 250 Wh kg -1 at system level, which is 2.5 times higher than state-of-the-art battery packs currently in use for BEV's. 3 After taking losses related to the electrode formulation (binder, carbon additives), electrode casting (thickness of active layer and current collector, porosity), cell construction (prismatic, pouch or round) and battery stack assembly (battery management, cooling etc.) into account, the electrode material is required to have a practical energy density of 700-800 Wh kg -1 at high C-rates.
Conversion materials, with the general formula M n+ X n + n·e -+ n·Li +  M 0 + n·LiX and the ability to transfer more than one electron per transition metal (n > 1), are considered as next generation high capacity cathode materials. 3, 4 In a conversion material, M is usually a 3d transition metal and X n-an anion such H -, O 2-, F -, S 2-and Se 2-. 5 The battery is usually constructed in the charged state and on discharge, the metal fluoride, metal oxide etc. is transformed into metal nanoparticles M 0 dispersed in an insulating matrix of LiX. 6 Conversion materials based on metal fluorides are particularly interesting, because of the strong M-F bond, some of them such as FeF 3 , CoF 3 , NiF 3 and CuF 2 have a high operating voltage (> 2.5 V) suitable as cathodes. 7 Iron fluoride is particularly interesting because it has the highest theoretical energy density of 1950 Wh kg -1 (2.74 V, 712 mAh g -1 ) and is non-toxic, environmentally friendly, cheap and abundant. 8 Traditionally, FeF 3 /C composites have been prepared by ball-milling commercial rhombohedral rFeF 3 with carbon black to reduce the primary particle size and to coat the r-FeF 3 nanoparticles with an electrically conducting layer of carbon. 9 This approach leads to materials with large initial capacity up to the theoretical maximum of 712 mAh g -1 , but poor cycle stability as the carbon coating is incomplete and not attached strongly enough to the FeF 3 particle surface. The carbon shell "peels off" during prolonged cycling due to pulverisation of the electrode (repeated formation of Fe/LiF phases). To improve cycle stability, graphene oxide has been recently utilised in a number of publications to enable r-FeF 3 /rGO composite materials with strong FeF 3 /carbon interactions. when cycled in the range 1.5-4.5 V (C/10). The good cycle performance of this composite can be attributed to the high electronic conductivity and the low ionic resistance of the graphene sheets.
Using a facile self-assembly approach, Zhao et al. 10 have prepared free-standing r-FeF 3 /rGO paper from FeF 3 nanoparticles and graphene oxide water suspension followed by photothermal reduction.
The ability to self-assemble the r-FeF 3 /rGO paper was attributed to attracting forces of FeF 3 nanoparticles, which are strongly hydrophilic and have a positive surface charge (zeta potential = 34(1) mV) and negatively charged graphene oxide suspension (zeta potential = -57(5) mV). The freestanding r-FeF 3 /rGO paper used directly as cathode shows initial high capacity of 587 mAh g -1 (20 mA
), but cycle stability is poor with quick capacity fading after 20 cycles due to the special architecture of the free-standing r-FeF 3 /rGO paper.
Iron-fluoride based nanomaterials with orthorhombic hexagonal-tungsten-bronze (HTB) structure were reported by Li and co-workers [15] [16] [17] [18] [19] and prepared using a non-aqueous approach in an ionic ) and a reversible capacity of 130 mAh g -1 was observed in the range 1.6-4.5 V. 15 The stability of the HTB-FeF 3 .0.33H 2 O framework structure towards Li insertion was attributed to the presence of zeolitic water in the channels.
In this work, we developed a facile water based synthesis method to produce HTB-FeF 3 /rGO (and rFeF 3 /rGO) nanocomposites using aqueous graphene oxide suspension and FeF 3 nanoparticles. The detailed charge/discharge mechanism in HTB-FeF 3 /rGO was investigated using simultaneous in situ X-ray absorption spectroscopy (XAS) above the Fe K-edge, X-ray diffraction (XRD) and ex-situ
Mössbauer spectroscopy. The combination of such methods determines unambiguously the charge state of Fe, the cycle life of initial crystalline HTB-FeF 3 phase and the Fe local surrounding.
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Experimental
Synthesis of graphene oxide: Graphene oxide (GO) was used as a precursor for FeF 3 /rGO composite materials and prepared from natural graphite flakes using a modified Hummer's method as described previously. 10 For BET and SEM analysis, a fine GO powder was obtained by heating the GO suspension in NaOH followed by treatment in HCl as described in Dreyer et al. In situ XAS/XRD characterisation: Simultaneous X-ray absorption spectra and diffraction patterns were recorded in situ at the Swiss-Norwegian Beamline (BM01B) of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The home-built battery cells with glassy carbon windows transparent for X-rays were constructed as described previously. 21 Two cells were installed in parallel on a rotational stage and galvanostatic charge/discharge curves recorded using Gamry Interface 1000 potentiostats with a constant current of 50 µA. On each cell, diffraction was recorded for 15 minutes followed by Fe K-edge absorption for 20 minutes, then the stage was turned 180° for the other cell and data collection was resumed. Ten 2D diffraction images were recorded with 5 seconds acquisition time by the CMOS-Dexela 2D detector. Both the wavelength λ = 0.50574 Å and the sample-to-detector distance of 324.05 mm were calibrated using LaB 6 and silicon powder standards.
Subsequent averaging and integration were carried out using Fit2D software. 24 Fe K-edge X-ray absorption spectra were measured in transmission mode employing a Si(111) monochromator in continuous scanning mode. Ionization chambers were used to monitor intensity before and after sample and Fe foil was measured simultaneously with the sample as a reference compound to monitor possible energy drift.
Theoretical methods:
The series of Fe K-edge XANES spectra collected at different voltages were mathematically decomposed into spectra representing phases formed during charge/discharge using principle component analysis (PCA) 25, 26 as implemented into FitIt software. 27 The concentrations of the components and spectra itself were determined using physical constraints: spectra should be normalized, the values of concentrations should be positive, two of three components under consideration should represent initial FeF 3 state and final Fe state of composite material.
Results and discussion
The HTB-FeF 3 /rGO and r-FeF 3 /rGO composites were synthesised using an aqueous graphene oxide water suspension and commercial by abrasion during ball-milling process (Table 1) . Using pre ball-milled nanocrystalline FeF 3 , the majority of r-FeF 3 was transformed to HTB-FeF 3 , whereas using the r-FeF 3 as received, the amount of HTB-FeF 3 in the composites was much less. The water based graphene oxide process is scalable, HFfree and a variable amount of reduced graphene oxide (rGO) carbon can be introduced by varying the amount and concentration of GO suspension. This is an advantage, as the optimal carbon content is fine-tuneable for production of a commercial material with an optimal electrical conductivity and gravimetric capacity. The HTB-FeF 3 structure has large hexagonal channels along the c-axis which can accommodate additional lattice water ( Figure 1 ). Refinement of the O occupancy shows that the HTB-FeF 3 .xH 2 O phase in composites (2) and (3) 
Electrochemical performance
The electrochemical performance of the composites (1-3) was found to be very similar after the first cycle irrespective of the amount of HTB-FeF 3 and r-FeF 3 polymorphs present. Electrodes of HTBFeF 3 /rGO (2) composite were prepared using a self-made batch coating machine with a custom designed slot nozzle dryer. The hygroscopic FeF 3 is well protected by the rGO carbon from ambient moisture enabling casting on the bench without affecting the performance of the electrode. This is beneficial as no special dry-room or inert gas conditions are required to produce high-quality, production-grade electrodes from these materials. The electrochemical performance of HTB- (2) is shown in Figure 2 . The composite was cycled at two different temperatures using as- The galvanostatic charge/discharge profile shown in Figure 2c resembles that of HTB-FeF 3 in the first cycle and amorphous FeF 3 in subsequent cycles as will be shown later. In the first cycle, there is a short plateau above 2.8 V where Li intercalation into the HTB-FeF 3 tunnel structure takes place 15, 16 followed by a sloping region above 2 V and a long plateau due to conversion of HTB-Li 31 or due to as yet unidentified reactions of the FeF 3 cathode with the electrolyte. After complete discharge, the HTB-FeF 3 is transformed into Fe metal nanoparticles embedded into an insulating matrix of LiF nanocrystallites. 6 In subsequent cycles, the discharge plateau above 2.8 V is shortened considerably due to collapse of the HTB tunnel structure and subsequent formation of amorphous FeF 3 , which has less capacity for Li storage than the HTB framework structure.
The CV diagram in Figure 2d clearly shows that the charge/discharge mechanism in the first cycle (black) differs from the storage mechanism in subsequent cycles (letters a-f correspond to regions defined in Figure 4 ). In the first cycle, the intercalation region a has a pronounced discharge peak with a maximum at 2.7 V. In subsequent cycles, peak e is shifted from 2.7 V to 2.9 V and is much broader compared to the first cycle indicating a solid solution or surface charge storage mechanism rather than an intercalation process. The conversion regimes b and c are characterised by a large voltage hysteresis of approximately 1.2 V due to the phase transformations. 32 
Microstructure
The microstructure of HTB-FeF 3 /rGO (2) was investigated using SEM, TEM and BET. The SEM image Figure 3a shows a large HTB-FeF 3 /rGO particle with a textured surface covered by smaller HTB- shows that the HTB-FeF 3 /rGO (2) composite is thermally stable in air up to 300 °C. 
Reaction mechanism
To investigate Fe oxidation state changes and the phases formed during intercalation and conversion of HTB-FeF 3 /rGO, we collected simultaneous in situ synchrotron X-ray absorption and X-ray diffraction data and ex situ laboratory Mössbauer spectra at certain points in the 1 st and beginning of 2 nd cycle. Fe K-edge XANES and Mössbauer unambiguously determine the oxidation state of Fe, and are able to provide structural information when compared to literature data and theoretical simulations. On the other hand, XRD is able to detect changes in the long-range order as Li is intercalated. Figure 4 shows the voltage profile with points where ex situ Mössbauer spectra have been collected, the Fe concentration profile calculated from the Fe K-edge XANES spectra using principle component analysis, and a contour plot of X-ray diffraction data. All XANES spectra were decomposed by the Principal Component Analysis (PCA) method into three subspectra, which correspond to Fe, FeF 2 and FeF 3 phases ( Figure S6 , $ESI). A summary of best guess structural phases determined with each technique is given in Table 2 and will be discussed in the following paragraphs. Before cycling, the as prepared HTB-FeF 3 /rGO (3) composite consists mainly of HTB-FeF 3 29 with hexagonal tungsten bronze structure and large hexagonal channels along the c-axis (Figure 1 ). The channels are almost completely dehydrated (0.09 H 2 O) and there is space to accommodate further Li atoms in the tunnels. 16 The XAS spectrum shows a Fe 3+ oxidation state and the spectrum resembles that of FeF 3 . However, the local structures of r-FeF 3 and HTB-FeF 3 consist of very similar cornersharing FeF 6 octahedra and cannot be easily distinguished by XAS. The Mössbauer spectrum ( Figure   5 ) of as prepared HTB-FeF 3 /rGO (3) composite shows two doublets, one with a larger quadrupole splitting (QS) of 0.5(2) mm s -1 and one with a smaller QS of 0.22(2) mm s -1 (Table 3) . The large Fe 3+ doublet is in good agreement with the fully hydrated structure HTB-FeF 3 .0.33H 2 O with 1/3 water in the channels. 29 The small Fe 3+ doublet may be due to the partial removal of H 2 O molecules from the channels and, as has been observed by XRD, represents the partially dehydrated HTB-FeF 3 structure reported by Calage et al. 36 The Mössbauer spectrum also indicates the presence of a small amount of r-FeF 3 (3% ra) with a large magnetic hyperfine splitting of 40.4 T 37 in agreement with the XRD refinement (Table 1) . Additionally, there is an Fe 2+ component (7% ra) with an isomer shift of 1.14(2) mm s -1 and a large QS of 2.56 mm s -1
. These parameters suggest some form of nanocrystalline FeF 2 38 .
It is known that r-FeF 3 is not stable under high-energy ball milling conditions and tends to partially reduce to FeF 2 . 39 However, the particle size of FeF 2 must be very small as no additional macroscopic FeF 2 phase was identified in the XRD pattern. (region a, b) , Li is intercalated into the HTB-FeF 3 structure up to a voltage of 2.0 V as has been observed previously, 16 and is subsequently transformed into LiF and Fe nanoparticles when discharging to the cutoff voltage of 1.3V. During the Li intercalation process (a), reflections of HTB-FeF 3 shift to lower 2 values with a corresponding unit cell volume expansion of approx. 5 % (Figure 6 ). The cell expansion is fairly linear up the end of the voltage plateau at approx. 2.5 V, which is in agreement with a topotactical Li-insertion process described by Vegard's law. 40 The XAS spectra of the Li-intercalation process (Figure 7a ) show four isosbestic points characteristic for a two phase mixture consisting of HTB-FeF 3 and HTB-Li x FeF 3 . At the end of the intercalation process, the Fe 3+ peak (inset Figure 7a) ) probably due to additional Li atoms in the channels. In the conversion regime (b) below 2.0 V, HTB-Li x FeF 3 converts to LiF/Fe nanoparticles as can be clearly seen by the appearance of a broad LiF/Fe peak in the XRD contour plot Figure 4 and the insitu XAS spectra (Figure 7b ). The XAS spectra show another set of isosbestic points and a growing Fe 0 peak (inset) indicating two phases in equilibrium (LiF cannot be seen by Fe-K edge XAS). The PCA concentration profile (Figure 4) , which are in good agreement with nanocrystalline FeF 2 (Table 3 ). This is evidence that the charge process does not go via the HTB-framework structure forming HTB-Li x FeF 3 , but rather through the formation of rutile FeF 2 and rhomobohedral FeF 3 phases as has been observed for other r-FeF 3 /carbon composites. material is able to deliver a high specific energy of 700-800 Wh/kg at elevated temperature and slow rates, but the energy density is reduced at higher rates due to kinetic limitations of the conversion reaction. A solid or liquid electrolyte suitable for cycling the material above 100°C might be a way to improve the energy density and rate capability of HTB-FeF 3 /rGO significantly.
